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A New Pumping Strategy for Petroleum Product
Recovery from Contaminated Hydrogeologic
Systems: Laboratory and Field Evaluations

by Abdul §. Abdul

Abstract

More than 200,000 gallons of automatic transmission fluid (ATF) leaked from an underground storage tank
svstem and contaminated an area of about 64,000 ft° of a soil and ground water system. A pumping strategy for
improved drainage and recovery of free oil was developed. tested 1n a laboratory model aquifer. and impiemented
and cvaluated at the field site. This pumping <trategy diifers [rom conventional approaches in two iumportant ways:
(1) The oil recovery rate is carefully controlled to maximize the pumping rate while maintaining continuity between .
the oil layer in the soil and the recovery well. to avoid isolation of the oil in the subsurface: and (2) The rate of
ground water pumping is controlled to maintain the depressed oil/water interface at its prepumped position. This
approach prevents further spread of oil into the ground water. prevents reduction in the volume of recoverable oil
due to residual retention, and maintains a gradient for o1l flow toward the recovery well. In a modei aquifer study,
nearly 100 percent of the recoverable volume of ATF was pumped from the system, and about 56,000 gathons of

the ATF has been recovered from the field site.

Introduction

In a previous study (Abdul et al. 1990} it was esti-
mated that about 208,000 gallons of automatic transmis-
sion fluid (ATF) leaked from an underground storage
tank system and spread through an area of 64,000 ft*
of the soil and ground water system beneath a manufac-
turing facility (Figures 1 and 2). The recovery of free
product by pumping is being used as a first step to
remedaste this site. This paper presents performance
results of a pumping strategy for recovery of the free
ATF at the contaminated site.

Commonly used product recovery strategies include
one or more of the following methods: (1) skimming
the free product from a recovery well (product skim-
ming); (2) pumping-of ground water to create a deep
drawdown cone @ induce the flow of product to a
recovery well {(totaf#ild recovery); and (3) intercepting
the product in a trewkh or drain constructed downgradi-
ent of the zone of free product. These methods could
have severe limitations for the recovery of viscous fluids,
such as ATF, from soil and ground water systems.

[, The thickness of the oil layer in a well that is open
t

o a zone of free oil depends on the capillary properties
of the soil, the density of the oil, and the thickness of
the layer of free oil in the soil (Abdul et al. 1989, Farr
et al. 1990, Lenhard and Parker 1990). The weight of
the oil column in the well is supported by the surround-
ing ground water that it has displaced. Consequently,
the displaced water is under stress and will simulta-
neously rise as oil is removed from the well, reducing
the magnitude of the induced stress. As the oil is

—
removed from the well, a fluid potential 1s created for
both water and il to flow from the surrounding porous
medium into the well. However. the rates of flow of
water and oil are inversely related to their viscosities.
and because ATF is at least 60 times more viscous than
water, the ground water could replace the ATF in the
well and eventually isolate it from the recovery well
(Figure 3). It follows, therefore, that o1l skimming alone.
without ground water pumping, could lead to the isola-
tion of viscous oils from recovery welils.

)

0o 0 100
Figure 1. Lateral spread of ATF and contours of ATF thick-
ness in feet (2.6, L6, 0.6, and 0.0) before the start of product
recovery.
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Figure 2. Two vertical sections through the ATF plume.

Itis common practice to rapidly pump a well installed
“~rough the ground water zone to create a deep draw-
vn cone and induce the flow of free product to the
well. During the development of this cone, the free
product will spread downward to ultimately establish

new steady-state conditions in the region of the surface _

of the drawdown cone. This approach could have several
disadvantages. Firstythe ol is spread to deeper and more
“extensive regions of the subsurface. Second, a large vol-
ume of the o1l will remain as residual retention in the
new regions of contamination, significantly reducing the
volume of product available for recovery. Third. treat-
ment of a large volume of contaminated ground water
may be required.

Another approach uses a producl recovery pump in
combination with a water-table drawdown pump. Whiic
this approach has advantages of developing a strong
gradient for product flow toward the recovery well and
separately removing oil and water. it suffers from the
same disadvantages described previously for the total
fluid recovery approach.

Using drains and trenches for the recovery ot ol
could sufter from the same hmitation of 4 recovery sy
tem, in that these methods could also lead to isolation
of the oil. In addition. one trench or drain downgradient
of a viscous ol plume would require excessively long
travel times for the oil to flow 10 the receptor and there-
fore result in poor oil recovery

The aforementioned limtations can be mmimized if
a product recovery strategy 1s developed to present iso-
lation of the ol from the well and restrict the spread

=4 //"".'
S

Iy, . / / i '///,m

/_/.///J./L_‘ g, /// L
Figure 3. Oil isolation from a recovery well being skimmed to
recover the free oil.
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Figure 4. Controlled dr:IWdown of the water table durmg onl
and water recovery.

of oil to previously uncontaminated zones Such a
strategy was developed. based on the use of recovers
wells. each having a praduct recovery pump and a water
recovery pump (Figure 4). This approach involves the
removal of free product from the well at a rate that
maintains a layer ot product in the well which forms a
continuous laver with the free-oil zone in the adjacent
porous medium. As the oibwater interface in the well
starts to rise when oil s removed trom the well, ground
water s pumped dt a rute sutficient to maintain the ol
water intertace in the well and the porous medium
s original posttion. While this approach will create
gradient for the ol 1o flow toward the well, it will also
restrict the development of a deep drawdown cone and
the further vertical spread of oil.

The performance of the proposed product recoveny
strategy was cvatuated in a laboratory madel aquifer
and in the hield at an ATF-contaminated site deseribed
by Abdul et al 1990
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Study Approach

Laboratory Model Aquifer

The model aquifer i 391 feet s [80em) lung by 4,59
teet (140cm) high by 033 feet (Wem) wide and made
of Plexiglas tFigure §). The model was packed with
clean “play sand”™ that was atr-dried and sieved through
4 Q0 2-nch (0.05em) standard mesh sieve To construct
& untform porous medium. the sand was poured into
the model mmcerements of O.33-foot thick i Them ) Tavers.
and cach new laver was mixed with the previous layver
by using an electric blender equipped with an extended
shatt

One face of the model aquiter was instrumented
with 26 tensiometers (T-1 through T-26 10 Figure 3) o)
measuring the fluld pressure 1 the porous medium
Each tensiometer has a fluid chamber and two ports: a
measuring port connected to an ATF or water manome-
ter. and a port for flushing entrapped air from the moni-
toring system (Abdul et al. 1989). The fluid chamber
was separated from the sand by a 0.00079-inch (20pm)
nylon membrane 1n the unsaturated zone and by a
0.00315-inch (8U0pm) nylon membrane in the saturated
sone. These m mbrane sizes were selected to remain
saturated with either ATF or water under the range of
suction head eapecicd drming the study. On cach end
ot the medium was a 2.36-inch wide (6.0cm) boundary
reservotr. These two reservoirs were connected at the
hase by a 0.49-inch [.D. (1.2cm) tube. which was used
to maintain constant head conditions on the sides of the
medium. A [.97-nch [.D. (5.0cm) recovery well. having
cight 0.098-inch slots/inch of length. was installed
through the center of the model aquifer before it was
packed with sand. Likewise, three 1.0-inch [L.D. (2.5cm)
monitoring wells (MWI1, MW2 and MW3) were
installed in the model aquifer { Figure 6). These monitor-
ing wells were first machined into longitudinal halves.
and the rectangular side of the half well was attached
to the inside surface of the Plexiglas. This design made
it possible to observe the thickness of fluids in these
monitoring wells.

The water table was maintained between 29.53 and

33.46 inches (75 and 85¢m) above the base of the model
aquifer, and the capillary fringe extended about 7.87
inches (20cm) above the water table. The saturation-
pressure relationship for water or ATF and the sand
was determined in funnel experiments (Abdul 1988).
Crom those experiments, the vertical extent of the capil-
lary fringe under conditions of drainage was 12.99 inches
{33.0cm) for water and 7.09 inches (18.0cm) for ATF.
and for wetting conditions was 5.91 inches (15.0cm) and
3.15 inches (8.0cm) for water and ATF. respectively. The
hydraulic conductivity (K} of the sand was measured
in column tests using falling- and constant-head tech-
niques (Freeze and Cherry 1979), and 1t was also meas-
ured in situ by pertorming a constant-rate pumping test
of the model aquifer {Kruseman and de Ridder 1970).
The values for K, from the column tests ranged from
0.047 to 0.118 inch/min (0.12 to 0.30 cm/min), while K,
from pumping tests ranged from 0.0045 to 0.0090 inch/
min {0.01 to 0.02 cmyrmin). The porosity of the medium
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Figure 6. Lateral and vertical distribution of ATF through the
model aquifer.

was about 0.40. and the particle density was 159 Ibift’
(2,55 gmL). Ground water discharge was maintained
at 0.061 inch*mun {1 mL/min) 1n the direction shown
in Figure 6. This resulted 1n an average linear pore-
water velocity of 0.078 inch/min (0.20 ¢cm/min).

A total of 3.04 gallons (11.51L} of ATF was leaked
to the surface of the sand, at the location shown in
Figure 6. at an average rate of 1.392 gal/day (1.48 L.
day) for 7.75 days. The ATF spread laterally and verti-
cally through the unsaturated zone and the capillary
fringe, and it subsequently developed a laver of tree
ATF in the capillary fringe. As the thickness of the layer
of free ATF increased and the pressure in the oil laver
progressively exceeded the pressure in the surrounding
water by the value of the capillary pressure across the
ATF/water interface. the ATF/water interface was Jis-
placed progressively deeper into the saturated zone.
During this vertical displacement. the ATF was also
spreading laterally through the capillary fringe. These
experimental observations of oil spreading through the
unsaturated and saturated zones are consistent with pre-
vious observations and discussions of the spreading pro-
cess {van Dam 1967, Schwille 1967, Abdul 1938). When
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the distribution of ATF through the system was no
longer changing significantly. the ATF had spread
chreough about 33 percent (2.50 cu ft: 70.8 L) of the model
aquifer and had formed a 4.27-foot (1.30m) long by 0.26-
foot {0.079m) thick layer of frec product. The average
thickness of the zane of free ATF in the model aquifer
was determined by using an ultraviolet “black light”
source 1o locate the zone of highest saturation and by
using the ATF manometers to locate the region of that
zone where the fluid pressure was higher than atmos-
pheric pressure.

On the average. the volume of ATF in the free ATF

1e was the same as that in the ATF fringe zone (0.98
zali 3.71L). Of the remaining 1.08 galion (4.091) of
ATF, about (1.13 gallon ((1L49L1) was stored 1n the wells
and 0.95 gallon (3.60L) was held 1n the fumicular and
pendular zones. This gives an average ATF saturation
in the funicular and pendular zones of 24 percent. which
compares favorably with the range of residual saturation
(20 to 35 percent) measured in funnel experiments. Of
the 1.96 gallons (7.42L) of ATF in the zone of free
product and the ATF fringe zone, about 1.37 gallons
(5.19L) could be drained and recovered by pumping,
assuming that the remaining 30 percent (0.59 gallons:
2.221) would be held in the soil pores as residual reten-
ton. The evaluation of the recovery svstem was to be
based on the extent of removal of the 1.37 gallons
(5.19L) of drainable ATF from the zone of free ATF
and the ATF fringe zone.

Field Site

The field site 1s under a manufacturing plant, and it

sart of a shallow, sandyv ground water svstem that

.endstoaclaylayer atadepth of about 13 fect (3.96m)
(Abdul et al. 1990). The position of the water table 15
approximately 6.5 feet (1.98m) below the plant floor
and fluctuates as much as 2 feet (0.61m) annuallv. The
saturated zone 1s made up of medium-fine sand. At a
porosity of 0 #). an average value of hvdrauhc con-
ductivity of 0.061 inch/min (0.155 cm/min). and a
hydraulic gradient of 0.0025 obtained from flownets for
the site. the rate of ground water flow 1s about 17 ftivr
(5.18 m/vr). The saturation-pressure relationships for
ATF or water and material from the site are similar to
those for the sand in the model aquifer, having equiva-
lent vatues tor residual saturation and the thickness of
the capillary fringe (Abdul et at 1990

The contaminated zone occuples an area of about
64,000 ft (3936 m”) and contains about 208000 gallons
(787 2801y of ATF (see Figure 1) About 133.000 galons
(5013405 L) of ATF occurs as free product, 30.600 gallons
(191.5211) located in the fringe and funicular zones,
and 24.500 gallons (92.733] 1< trapped as residual sat-
uration in the saturated zone beneath the zone of free
ATF. Based on a residual retention of 30 percent, the
amount of recoverable ATF from the zone of free ATF
and from the fringe and funicular zones are 93.000
(352.005) and 35.000 gallons (132.4751.). respectivelv. It
is hoped that this combined volume of ATF (128000
gallons: 48345010 can be recovered from the site by
pumping

Fortv-one mocitonye and recovery wells were

installed at the site (Figure 1). The recovery well (combi-
nation well) was specially designed to separately pump
ATF or water from the system (Figure 7). The combina-
tion well is essentially two off-centered wells: a 2-inch
(5.08cm) O.D. inner well and a shallower 4.5-inch
(11.43cm) O.D. outer well. Tvpically, the inner and outer
wells are 13 and 11 feet (3.96 and 3.35m) deep, respec-
tively. The two wells are hydraulically isolated from each
other to prevent fluid from flowing from one well 1o
the other. Eaeh weli is opened to the surrounding
medium through the screened section, which consists of
parallel 0.01-inch slots (six slots/iinch) Typically. the
outer well is opened to the medium from 2 feet (0.61m)
above the position of the unstressed water table to 4 feet
(1.22m) below the water table (through the zonc of free
ATF). while the inner well is opened to the next 2 feet
((.61m) of the saturated zone below the outer well. An
air-lift pump in the outer well was used (o recover the
free ATF, while an air-lift pump in the inner well was
used to pump ground water from below the ATF layer
and to maintain the ATF/water interface at its pre-
pumped position.

Five recovery systems were 1nstalled at the site at
the locations shown in Figure 1. The number and loca-
tion of the recovery systems were determined based on
pumping test results and mathematical simulations of
the water-table response to different pumping strategics.
The on/off cycles of the pumps were automatically con-
trolled by presetting their refill and discharge times. In
addition, the on/off cycle of the water pump was con-
trolled by a down-well bubbler sensor. A 2-inch-1.D.
(3.08cm) momitoring well was instalied within 10 feet
(3.05m) of each recoverv well to provide information
on the response of the ATF/waterinterface and on prod-
uct thickness adjacent to the recoverv well during pump-
ing. Pumping conditions were adjusted to maintain the
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atbwater intertace at (s prepumping posttion and to
maintain continuity of the ATFE in the zone of free prod-
uct in the medium with the ATF column in the recoverv
well.

Results and Discussion

Results from the model aquifer and the field sie
include the response of product and water in the moni-
toring well locarzd adjacent to cach recovery well and
the rate of recovery and accumulation of ATE Because
the results from pairs of recovery and monitoring weils
at the field site are similar, only the results from two
recovery svstems will be presented. Results for the other
three systems will be summarized.

Laboratory Model Aquifer

The recovery well in the model aquifer system was
instrumented with two recovery tubes: one at the bottom
of the well to pump water from the saturated zone. and
the other located within the ATF laver to separately
recover the ATF (Figure 8). The ATF recovery tube
was fitted through a ping-pong ball such that the intake
¢nd of the tube floats just below the air’ATF interface
in the recovery well. The rate of ATF removal was
adjusted to maintain a column of ATF in the well. Only
the fower 1-inch (2.54cm) section of the water recovery
tube was sereened to make sure that water was pumped
trom the base of the well. The water pumping rate was
gradually increased over the first five dayvs of product
recovery. after which the rate was kept at about 0.092
gal'min (350 mL/minj) to maintain the ATF‘water inter-
face at approximately 1.80 feet (0.55m) above the base
of the model aquifer. This level approximates the pre-
pumped position of the ATF/water interface in the
medium at MW 2 (Figure 6). The water that was pumped
from the recovery well was returned to the boundary
wells. The ATF recovery system was stopped after
31 days of pumping because. at that time, more than
99 percent of the fluid being pumped from the ATF
recovery tube was water.

The heights of water and ATF in the monitoring
wells above the base of the model aquifer were meas-
ured at least once dailv on weekdays during the recovery
period. During the leak, the ATF thickness in MW 1,
located adjacent to the zone of the ATF leak. increased
steadily 10 a maximuam value of 2.23 feet (0.68m) on
the day the leak wag stopped. The increase in the ATF
thickness in MW 2, Jocated downgradient. of the leak
and adjacent to the recovery well, lagged the ATF thick-
ness observed in MW 1, but the thickness in MW 2 con-
tinued to increase, during the next 12 days after the
leak was stopped. to a maximum value of 1.71 feet
(0.52m). Subsequently. the ATF thickness in both moni-
toring wells decreased as the ATF spread through the
capillary fringe. About 45 days after the leak was
stopped. and just before the start of pumping. the height
from the base of the model to the water/ATF and ATF/
afr interface in MW 1 was 1.91 and 2.72 feet (0.58 and
0.83m), respectively. and in MW 2 was 1.51 and 2.31 feet
(0.46 and 0.86m). respectively. The ATF thickness was
0.81 feet {(0.25m) in MW and 1.30 feet (0.40m) in
Mw?2.
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Figure 8. ATF and water recovery «ystem used in the labora-
tory model aquifer.

Monitoring Well =2

_ & N . AlR
=z A L IR “a
5o N
z F N . AN
o *
<80 & s’ e
& e s »>e® oo -o ®aa -
Z 50 YATER
2
a0 -
£
B
a
1
o - - - . -
n 2 4 R L iy Y 14 A [ T P Y AR i
Time (amve)

Figure 9. Response of the air/ATF and ATF/water interface in
a monitoring well located adjacent to the recovery well in the
model aquifer.
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Results from MW 2 are presented 1in Figure 9. which
shows an imitial drop in the ATF:water snterface as
pumping started. after which the interface was main-
tained at an almost constant level of about 1.80 fect
{0.55m) above the base of the model aquifer for the
next 19 days. Then. the interface rose to 203 feet
(0.62m). where 1t remained untl the end of the study.
The sudden rise in the interface occurred after standing
ATF in the monitoring well was pumped out. The stand-
ing ATF in the monitoring wells was removed at least
once each week to make sure that the ATF in the moni-
toring well was hydraulically connected to ATF in the
medium. After the ATF was removed on dav 22, 1t
recovered only slightly. indicating that most of the free
ATF had been pumped out.

The ATF/air interface and the thickness of the ATF
column in the monitoring well decreased steadily with
pumping. After 23 days of pumping. only a thin laver
of ATF remained in the monitoring weil. At this stage
during the recovery process. not only was free ATF
pumped out, but also ATF from the ATF fringe zone
was drained and recovered. Even in the absence of a
zone of free ATF. a fully developed ATF fringe can lead
to a significant column of ATF in the monitoring well.
When the thickness of the zone of free ATF in the
porous medium is zero, the ATF thickness in the moni-
toring well 1s determined only by capillary forces and
fluid densities. The ratio of the ATF thickness in the
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well to that in the adjacent porous medium under hydro-
static conditions is described by the following equations
(CONCAWE 1979, Zifliox and Muntzer 1975, Abdul et
al. 1989):

H. = p™(pa—palg] (h
H. = ppu -~ po)g] (2)
HoHe = (p" " p™)(p, - pa) flps - po)] (3
where.

H. = thickness of the ATF capillary fringe

i. = thickness of the ATFE column in the well

p = capillary pressure

P = flud density

2 = gravitational constant

aow = air ol and water. respectivels,

For p*® = p”. p, = 54 Ihift' (01L.869 gice). a fully
developed ATF fringe (H, = 0.26 feet: 0.08m). and onlv
a thin laver of ATF in the medium. the calculated thick-
ness of ATF in the well is 1.73 feet (0.53m). Observe
that this thickness is smaller than the maximum values
observed in the monitoring wells during the accumula-
tion of ATF n the water-table zone, but is larger than
the values in MW1 (0.8} feet: 0.25m) and MW?2 (130
feet: 1.40m) just prior to the start of pumping.

The ATF recovery rate and cumulative ATF v
pumping time are shown in Figure 10. During the first
day of pumping. the ATF recovery rate decreased
apidly from more than (.0159 gal'hr (1 mL:min) to less

1an 0.00159 galthr (0.1 mL/min). The rate then
increased to about 0.004 gal'min (0.25 mL/min) during
the next few davs and then followed a trend of decreas-
ing rate with continued pumping. This trend of decreas-
g recovery rate follows a trend of decreasing height
in the airfATF interface in the monitoring well and
decreasing thickness of the product laver adjacent to
the recovery well (see Figure 9).

At the start of pumping. about (1.13 gallons (500mL)
of ATF was 1n the 2-inch (5.0%em) 1L.D. recovery well.
which accounts for the initial high recovery rate followed
by the rapid decrease in recovery rate as that volume
was being depleted. The cumulative ATF recovered
from the model aguifer increased steadilv during the
31 days of pumping by which time 1.71 gallons (6.471)
of ATF had been pumped out. Intermittent skimming
from the recovery well for another 30 davs recovered
another (114 gallon (0.331) of ATF. giving a total
recovered volume of ATF ot 1.84 gallons (6,961, or 61
percent of the oniginal spill volume

As discussed previoushy, about 196 gallons 174210
of ATF was contained in the zone of tree product and
the capillary zone. of which an estimated 1.37 gallons
(5.19L} could be drained and recovered by pumping
An additional 0.13 gallons (0490 of ATFE imuaily
stored i the wells, was also recovered. giving 4 total
recoverable volume of 1.50 gallons (5.681) The actual
amount of ATE recovered excecded the predicted vol-
ume by 034 pallons 71 2010 demonstraung that the
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Figure 10. Recovery of ATF from the laboratory model
aquifer.

recovery system performed effectively. Several factors
could account for this excess volume of ATE. including
underestimation of the lateral and vertical extent of the
free ATF and ATF fringe zones. drainage of ATFE from
the funicular zone. overesimation of the residual vol-
ume of ATF. and uncertainties in quantifying the volume
of ATF in the presence of ATFwateriair emulsions
Nonetheless. the results demonstrate that the new
pumping strategy successfully recovered most of the
drainable ATF from the model aquiter.

By maintaining the water-table drawdown at the ini-
ual position of the ATF'water interface. turther spread
of the ATF into the ground water zone and reduction
of the recoverable volume of ATF were minimized. In
addition. by maintaining a column of ATF in the recos-
erv well in contact with the ATF laver in the porous
medium, the ATF flow to the well was mamtained duar-
ing pumping. and the residual volume of ATF remaining
trapped in the porous medium was minimized

ATF Recovery at a Field Site

Five ATF recovery svstems were installed at the field
site and have been in operation for more than 770 days
Each system consists of a combination well (recovern
well) and a monitoring well. which is located within a
radius of 10 feet {2.05m} of the combination well. Each
combination well is equipped with two air-hft pumps. a
product recovery pump and a water-table drawdown
pump. Product or water pumping at cach recovery focu-
ton is independently and automatically controlled to
maintain preselected pumping condinons. Because the
data from the five recovery svstems are similar in trend.
only the results from locations 24 and 3 will be presented
(see Figure 1) Recovery well 24 s located near the
prepumped centrowd of the tree ATE zone. about 3tk
feet (91.44m) downgradient of the ATE source. This
location is under the plant and st least 2000 tect ehir V6ms
away trom the plant boundary, Recovery well s
focated near the region of the ATFE leak. and 1t oniy
about 30 feet (9 14m) from the plant boundan

Response of airt/ATF and ATF/water interfaces:
Results for the air ATE and ATFwater interfaces in
MW 24 Jocated 2 feet from recovery well 240 during the
first 829 davs of product recovery at the site are shown
i Fieure 10 Durimyg the nirst tao weeks of pumping
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the system was frequently monitored and the pumping
rates of ATF and water adjusted after each monttoring
episode to establish the maximum ATF pumping rate.
to maintain a layer of ATF in the product well, and to
maintain the ATF/water interface in the saturated zone
at its prepumped position. Subsequently, as understand-
ing of the system response improved and as that
response became more predictable. the monitoring
interval was increased to one week. then to two weeks.
then to one month. and the svstem s now being moni-
tored bimonthlv. One week before cach momitoring epr-
sode. the standing ATF in the 41 monitoring wells s
pumped out to allow the wells to adjust to the existing
conditions at the site.

The results indicate that the position of both the air
ATF and ATF/water interfaces in MW 24 did not change
significantly during product recovery at the site. At the
start of pumping, the depth to ATF and water in the
monitoring well was 6.72 and [0.28 feet (205 and
3.13m), respectively. and there was 3.56 feet (1.09m) of
ATF 1n the well. During 829 days of monitoring. the
depths to ATF ranged from 6.21 to 7.81 feet (1.8Y to
2.38m). the depths to water ranged from 9.20 to 11.03
feet (2.80 to 27" m). and the ATF thickness in the mont-
to-ing well ranged from 1.95 to 4.31 feet (3.539 to 1.31m).
During this sume penod. the average depths to ATF
and water were 70 and 10.36 feet (215 1o 316m).
respectively, giving an average thickness of 332 feet
(Lol m)y of ATF in the monitoring well. The maximum
and minimum thicknesses of the ATF column 1n the
monitoring well were associated with the deepest and
shallowest drawdown of the ATF/water interface,
respectively. Results for depth to the air/ATF and ATF!
water interface from MW 3. located about S feet (1.52m)
from recovery well 3. are shown in Figure 12, At the
start of pumping, the depths to ATF and to water in
MW 3 were 3.92 and 7.92 feet (1.80 and 2.41m), respec-
tively, and there was 2 feet (0.61m) of ATF in the well.
During 772 days of pumping. the depths to ATF and
water tn MW3 ranged from 5.74 to 6.57 feet (1.75 to
2.00m) and from 6.64 to 8.00 feet (2.02 to 2.44m), respec-
tively. and the ATF thickness in the well ranged from
(.14 to 2.01 feet (0.04 to 0.61 m). During this time, the
average depths to ATF and to water were 6.06 and 7.54
feet (1.85 to 2.30m), respectively, and the average ATF
thickness in the well was 1.49 feet (0.45m). As was the
case for MW24, the maximum and minimum ATF
thicknesses observed in MW 3 were associated with the
deepest and shallowest drawdown of the ATF/water
interface. respectively.

Although there were unique challenges in controll-
ing and maintaining optimum operating conditions at
each of the five recovery stations, the results for the
depth to ATF, the depth to water, and the ATF thickness
in the five monitoring wells adjacent to each recovery
well were similar over the duration of pumping. The
range of fluctuation of the depth to ATF, the depth to
water, and the ATF thickness for monitoring wells 3.
13, 15, 24, and 39 were 0.83, 0.98, 0.58, 1.09. and 0.82
feet; 1.46, 1.70. 1.10. 1.85. and 2.90 feet; and 1.87, 2.15,
1.05,2.36. and 2.30 feet. respectively. These results indi-
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Figure 11. Response of the air/ATF and ATF/water interfaces
in a monitoring well located adjacent to recovery well 24 at the
field site,
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Figure 12. Response of the air/ATF and ATF/water interfaces

in a monitoring well located adjacent to recovery well 3 at the

field site.

cate that the ATF in the medium was always in direct
hydraulic connection with the recovery well; therefore.
ATF isolation from the well was avoided. Further, the
almost constant position of the ATF/water interface in
the well suggests that ATF was not drawn deep into the
saturated zone during pumping. These conditions were
quite favorable for ATF recovery at the site. as will be
demonstrated by results presented in the following
section.

Rapid fluctuation of the water table during precipi-
tation events and reduced discharge from the water
pump caused by clogging of the well screen by mineral
deposits and by biomass from the biodegradation of
ATF made it difficult to maintain the optimum operating
conditions at the recovery wells. At the field site, all
the water-table drawdown wells, water pumps. and dis-
charge lines from these pumps developed scaling and
clogging soon after the start of pumping and they had
to be cleaned or replaced at least once every six months.
Neither scaling nor biodegradation of ATF occurred i
the presence of free ATF.

The intake of the ATF recovery pump was held fixed
within the recovery well and had to be manually adjusted
as the local water table position changed during
recharge events or dry conditions. The recovery wells
that were nearest to the outside of the plant building
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and to any recharge areas were more susceptible to
rapid changes in the water-table position and needed
. wore frequent monitoring and adjustment to maintain
optimum recovery conditions. Commercially available
product recovery systems having product intake points
that float on the product layer and automatically adjust
with any fluctuation of the water table would reduce
the frequency of monitoring needed at product recovery
sites.

Recovery of ATF: The ATF recovery results from
recovery wells 24 and 3 are shown in Figures 13 and 14,
respectively, as rate of ATF recovery and cumulative

¥ recovered vs. time since pumpting started. The

Lults show a very rapid decrease in the ATF recovery
ratc during the first day of pumping, when the standing
volume of ATF in the 4-inch 1.D. (10.16cm) outer well
of the combination well was being removed; thereafter,
the recovery rate decreased gradually with continued
pumping. At the start of pumping of recovery well 24
ATF was removed at 0.161 gal‘min (610 mL/min) and
water was removed at 0.872 gal/min (3.3 L/min). 829
days later. ATF was being pumped out at 0.011 gal/min
(42 mL/min) and water at (.185 gal/min (0.7 L/min}).
During this ime. the rate for ATF recovery ranged from
0.161 to 0.005 gal/min (610 to 20 mL/min), the rate for
water recovery ranged from 0.872 to (.058 gal/min (3.3
to (.22 L/min). the average ATF recovery rate was 0.0253
gal/min (95 mL/min). and the average water pumping
rate was (.539 gal/min (2.04 L/min). During 829 davs
of pumping. the volume of ATF pumped from well 24
increased almost hinecarly to about 14780 gallons
FES942L).

At the start of pumping from recovery well 3, ATF
was removed at (0.140 gal/min (530 mL/min) and water
at 0.055 gal/mun (0.21 L/min). and during pumping for
772 davs the range of ATF and water removal rates
were from (1159 to O gal/min (600 to ) mL/min) and
from (.806 10 0.042 gal/min (3.05 to 0.16 L/min), respec-
tively. At the end of the study. the recovery rates were
almost zero for ATF and 0.370 gal/min (1.4 L/min) for
water. The average pumping rates were 0.062 gal/min
{236 mL/min) for ATF and 0.206 gal/min (0.78 L/mn)
for water. Recovery well 3is1n a highly conductive zone
that was previously ¢xcavated and backfilled with sand.
This max explain the high ATF flow rate and recovery
from this Jocation. About 14,68% gaflons (559541 of
ATF was recovered from recovery well 3.

The average pumping rates of ATF and water from
recovery wells 30131524 and 39 during the studv are
0.062 (235.K). 0.026 (100.2). 0.006 (24.1). 0025 (95.0).
and 0.016 (59.6) galrmn (mlomint and (L.206 (0.78),
0177 (0671 0025 0 10TV 0820 (2040, and 0425 (1.61)
gal'min (IL/min). respectivelv By the end ot the study.
more than 770 days since the start of pumping. the
recovery rates for ATFE for the wells in the order listed
prcvu)uﬂ'\‘ were 00013 (51, 0002 (8), 0.011 42y, and
LO04 117) galimin (mLimin}. respectively, and for water
were 0.270(1. 400 010K (D41 SR (196) 0180 1) 681,
and 0.246 (0.93) pal'min (Lomind. respectivels During
this period. a total of about 33697 galions (2108130
of ATE was pumped from the fye reconerny wells oran
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Figure 13. Recovery of ATF from well 24 at the contaminated
field site,
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Figure 14. Recovery of ATF from well 3 at the contaminated
field site.
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average rate of 0.145 gal/min (350 mL/min). The volume
of ATF recovered from recovery wells 3. 13, 15, 24, and
29 was 14,688 (55.594). 15017 {36.839), 4944 (18713},
14,787 {55.969). and 6259 {25.690) gallons {1.). respec-
tively.

At the start of ATF recovery, the discharge from the
product pump contained almost 100 percent ATF. As
pumping continued, however, the amount of water in
the product line increased. At first. the water was dis-
persed or trapped in the ATF, but with time. as the
fraction of water in the product mncreased. the water
and ATF were discharged frori (he product line as separ-
ate slugs. These abservations are consistent with those
from the laboratory study. [n the case of tecovery well 3,
1t is difficult to continue to matntain a steady discharge
of ATF as a separate phase by the method being used
at the site. However, with the product pump turned off
for a few days, ATF accumulated in the region of the
water-table drawaown cone. but this small volume of
ATF was typically pumped out in a short time after the
product pump was turned back on.

The maximum ATF thickness in the monitoning
wells immediately next to the recovery wells occurred
when the ATF waterinterface was approximately at the
deepest level, while the minimum ATE thickness occur-
red when the ATF water interface was approximatels
the shallowest. It is for this reason that a common prac-
tice used 1n product recovery is to create a deep draw-
down cone to collect the product in the region around
the wel' from *vhere it could be readily pumped te the
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surface. However, the disadvantages of that approach
include the turther spread of the product deep into the
ground water system and the reduction in the volume
of the product that would be available for recoverv as
a result of residual retention of the product by the por-
ous medium. While the approach used 1n this study
maintained a steady flow of ATF to the well. it also
restricted the ATF to the region of the soil and ground
water system that was already contamtnated.

While maintaining a shallow water-table drawdown
would have the positive effect of minimizing the further
vertical spread of petroleum product and of maximizing
the recoverable volume of product, it may also have an
associated negative effect of limiting the zone of influ-
ence of the recovery well. The extent of this potential
limitation would depend on the site hydrogeologic
properties.

Effect of pumping on the free ATF zone: The thick-
ness of the vertical column of ATF in the 41 monitoring
wells at the site was measured at the end of this study
fmore than 700 davs since the start of pumping), and
was used to calculate the corresponding thickness (H ;)
of ATF in the contiguous porous medium. The following
equations ( Abdul et al. 1989) were used in the calcula-
tion (the results are shown in Figure 15):

H H, - H. i4)

H. - p*{lps - poig} (3

where H, is the thickness of ATF in the well below the
base of the ATF- saturated zone. and the other parame-
ters are as previously defined. The ATF/water capillary
pressure was measured in laboratory experiments
{Abdul 1988). and an average value of 2.53 inches
(h43cm;y of ATF was used in the calculations. while a
measured vaiue of 54 Ib/ft® (0.869 g/cm"] was used for
the specific gravity of ATF.

The calculated values of ATF thickness in the porous
medium were mapped out and. using linear interpola-
tion. contours of equal thicknesses were drawn (Fig-
ure 15). The volume of ATF between two contours is
equal to the area between the contours times the average
thickness of the ATF layer within the two contours times
the fraction of the pore volume occupied by ATF. The
fraction of the pagg volume occupied by ATF 1s the
porosity (¢} minus.ghe fraction of the total volume occu-
pied by residual levels of water (8, ). This calculation
for the total volume of ATF in the zone of ATF is
described by the following relationship:

Vo= (e_erw) El (AI X hml) : (b)

where A, is the area between two adjacent contour lines
and h,, is the average ATF thickness for the two contour
lines. For measured values of € = 0.4 and 8, = 0.07.
the volume of free ATF remaining in the subsurface 15
approximately 87,000 gallons (329.295L). Before the
start of pumping, the volume of ATF in the zone of free
ATF was 133.000 gallons (503.405L). Based on these
calculations. 46.000 gallons (174.110L) of ATF was
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Figure 15. Lateral spread of ATF and contours of ATF thick-
ness (feet) in the porous medium 800 days since the start of
product recovery.

recovered, which compares favorably with the measured
recovered volume of 55700 gallons (210.8251). As was
previously reported (Abdul et al. 1990) the uncertainty
in the calculated values is * 21.000 gallons (794851 ):
therefore. the difference between the measured and
calculated volume of ATF removed by pumping is within
the expected range of uncertainty.

Comparison of the results in Figures | and 15 indi-
cates that the ATF plume has changed significantly as
a result of product recovery at the site. The maximum
thickness of the free ATF laver has been reduced from
a prepumped thickness of 2.6 feet (.79m) to a value
of LS feet (0.46m). In addition. the plume is now divided
Into two main zones, one 1n the area of recovery well 24,
where the original centroid of the plume was located,
and the other in the area of well 10 sandwiched between
recovery wells 3 and 15, To improve the effectiveness
of ATF recovery at the site. two additional pumping
stations are being installed at the current locations of
well 10 and well 30 and in proximity to the two centroids
of the current ATF plume (see Figure 15).

An obvious question that could be asked is how
much of the ATF from the field site could be recovered
by pumping. While most of the drainable ATF was
recovered from the laboratory model aquifer, resulting
in the removal of 61 percent of the spill volume and an
equivalent residual saturation of 16 percent ATF
remaining in the contaminated zone, the equivalent
residual saturation for the field site is difficult to predict
because of the heterogeneity in the hydrogeologic pro-
perties of the site and uncertainties in the vertical and
lateral boundaries of the contaminated zone. The level
of residual saturation can vary over a wide range. even
in relatively simple laboratory experimental systems,
because the extent of residual saturation depends on
several properties of the medium and fluid, including
particle size and size distribution, porosity, surface ten-
sion, fluid density, and contact angle. Kia and Abdul
(1990) reported the residual retention of diesel fuel and
ATF to vary from 8 to 32 percent in small funnels of
sand. while Hoag and Marley (1986) found residual
retention of 12 to 60 percent for gasoline in packed
columns of sandy material. For field sites, which are
more complex and heterogeneous than laboratory
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experimental systems, it would not be surprising to find
even higher levels of residual retention. Nonetheless,
more than 42 percent of the estimated spill volume of
ATF from the free ATF zone at the field site has already
been recovered (27 percent of the total volume).

Conclusions

A pumping strategy has been developed to maximize
the recovery of viscous otls from soil and ground water
systems. That system uses two recovery pumps: one in
the layer of oil and the other extending into the saturated
zone. Oil is pumped from the system at a rate maximiz-
ing the oil recovery, while maintaining a layer of oil in
the recovery well and maintaining continuity between
the oil in the soil with that in the recovery well. Ground
water is pumped out at a rate to maintain the initially
depressed oil/water interface at its prepumped position
to prevent the further spread of oil into the saturated
zone and to prevent a reduction in the volume of
recoverable oil. This pumping strategy was tested in a
laboratory model aquifer, which was contaminated with
ATF to create a free ATF zone that displaced the water
table into the saturated zone. Five recovery wells were
installed at a 64 000-ft° site contaminated with about
208,000 gallons of ATF. Most of the recoverable ATF
was pumped from the laboratory system. while more
than 56,000 gallons of ATF is already recovered from
the field site. This recovery system was successfully eval-
uated. it is being used to clean up the free ATF at the
field site, and it could be useful at other oil-contams-
nated sites, particularly for the recovery of viscous oils.
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